The production of the meso isomer of 2,3-butylene glycol by Aerobacter aerogenes in the fermentation of citrus wastes was reported earlier by Long and Patrick (1961) . Another isomer, levo 2,3-butylene glycol, which is produced in essentially pure form by Bacillus polymyxa (Underkofler and Hickey, 1954) , has markedly different properties from the meso isomer. One of the most distinctive of these is the effectiveness of the levo isomer in lowering the freezing point of water. A study by Clendenning (1946) showed that it was comparable to ethylene glycol in this respect and that it could be used effectively as a substitute for the latter compound in permanent-type antifreezes. The meso isomer exhibited no antifreeze properties.
MATERIALS AND METHODS
Culture. An established producer of 2,3-butylene glycol, B. polymyxa NRRL B-510, was obtained from the Northern Utilization Research and Development Division, Peoria, Ill. This organism produces only the levo isomer of 2,3-butylene glycol.
Preparation of starter culture. and agar, 2.0%. The growth was washed from the final slant and transferred aseptically to 1-liter shaker flasks containing 300 ml of the above medium without agar. Foaming was controlled by addition of Antifoam B (Dow-Corning Corp., Midland, Mich.) before sterilization. Starter cultures prepared in this manner were incubated on a reciprocating shaker at 30 C for 18 hr, and were added to the fermentation medium at a rate of 900 ml per 12.5 liters of medium (approximately 7%, v/v).
Fermentor. The fermentor and methods of pH, temperature, and foam control used in this study were described by Long and Patrick (1961) .
Fermentation substrate. Information obtained in an earlier study (Long and Patrick, 1961) established that citrus molasses rather than citrus press liquor was the preferred source of sugar for glycol formation by A. aerogenes NRRL B 199. Preliminary tests indicated the same general results for B. polymyxa; therefore, only citrus molasses was used as a substrate in this investigation. Molasses diluted to 200 Brix was found to provide good glycol production with a low residual sugar. Antifoam B was added prior to sterilization to prevent foaming. The diluted molasses was sterilized in batches of 12.5 liters at 121 C for 30 min and cooled to 30 C; a nitrogen source, usually urea at a concentration of 0.4%, was then added. The pH was adjusted to 6.0 to 6.2 with 10 N NaOH prior to adding the starter culture.
Miscellaneous determinations. (1948) , and for 2,3-butylene glycol by the method of Desnuell and Naudet (1945) .
Recovery of glycol from fermentation beer. Methods attempted for recovery of glycol included: conversion to the formal (Senkus, 1946) Further adjustment of the pH of the molasses starter medium after the initial adjustment or addition of buffers was found to be unnecessary since the 24-hr incubation period required for production of a good inoculum was too short to permit changes in pH to affect the cultures adversely. Both 100 and 200 Brix molasses were found to be satisfactory for starter-culture media.
Nitrogen supply. Attempts to produce butylene glycol from molasses without added nitrogen were unsuccessful; therefore, several forms of nitrogen supplements were tested. Inorganic nitrogen was found to be inadequate (Table 1) , whereas urea and yeast extract were satisfactory supplements. Yeast extract was used in preparing the starter culture medium since it was heat-stable, which permitted autoclaving, and because heavy growth was produced. Urea was used in the 13.5-liter fermentor since it was more economical, although it was necessary to add it after sterilization of the substrate.
The optimal concentration of urea was 0.4 to 0.5%, which was determined by using as criteria glycol production and quantity of residual sugar. Lower and higher coneentrations resulted in decreased glycol production snnd increased residual sugar.
Optimal pH. The optimal pH of the fermentation was 6.0 to 6.2, which was maintained by periodic addition of 10 N NaOH. The relative difficulty in maintenance of this range in pH depended, to a large extent, upon the type of nitrogen supplement used. Supplementation with 0.4% (w/v) urea caused the least difficulty in pH control of all nitrogen sources tested, and still permitted good butylene glycol production. The use of nitrates or ammonium hydroxide as nitrogen supplements was unsatisfactory due to stimulation of acid production resulting in a rapid decrease in pH. Yeast extract (0.3%), employed as a nitrogen supplement, permitted good glycol production but made maintenance of the desired pH range difficult due to vigorous acid production.
Addition of KH2PO4 or CaCO3 as buffers resulted in decreased production of glycol. terion of a healthy fermentation, as well as indicating the decline of glycol production. Frequent additions of 10 N NaOH were required to maintain the optimal pH during the first 24 to 30 hr of the fermentation. During this same period, a rapid decrease in the total sugar content of the beer and a gradual increase in glycol concentration occurred. At 40 to 48 hr, consumption of sugar had ceased, the glycol concentration had reached a maximum, and no further adjustment of pH was required. If the fermentation was allowed to proceed for several hours longer, the total sugar content showed an apparent increase, the glycol concentration progressively decreased, and the pH began to increase. A possible explanation for this phenomenon was presented previously (Long and Patrick, 1961) .
Temperature. The optimal temperature for fermentation by B. polymyxa was 30 to 32 C. Temperatures above and below this range resulted in diminished glycol production.
Stirring and aeration. A stirring rate of 420 rev/min was found to be satisfactory for this fermentation. Significantly higher rates (600 rev/min and above) had little effect upon the production of glycol and created a problem in the control of foaming. At these higher rates, larger quantities and more frequent dosing with antifoam were required. Low stirring rates (below 300 rev/min) were unsatisfactory, owing to inadequate dispersion and retention of air in the medium.
A rather high aeration rate was favorable for production of butylene glycol by B. polymyxa. Good production was obtained at a ratio of 0.11 volumes of air per volume of medium per minute. Rates in excess of this amount, while satisfactory in terms of glycol production, contributed to excessive foaming. No unusual problems in controlling foam were experienced with the rate indicated.
Sugar Concentration. Citrus molasses was the only source of sugar used in these experiments, since the unfeasibility of using citrus press liquor or this purpose had been established (Long and Patrick, 1961) . Testing of a number of dilutions indicated that 20' Brix molasses gave the highest levels of glycol and the lowest residues of sugar. This concentration was therefore adopted as the standard basal medium. The characteristic concentrations of glycol and residual sugar obtained upon completion of fermentation in this medium are summarized in Table 2 . It was observed that a residue of sugar, varying from 2 to 4%, remained in the beer after every fermentation run. In many cases, this appeared to be caused by cessation of fermentation due to an accumulation of waste products. Frequently, however, when the concentration of glycol exceeded the concentration of sugar remaining, consumption of sugar ceased and metabolism of the butylene glycol occurred. Apparently, the residue of sugar found in the beer was due to a on August 26, 2017 by guest http://aem.asm.org/ Downloaded from preferential metabolism of the glycol to the exclusion of further sugar consumption.
Mineral supplements. Addition of MgSO4, CaCl2, NaCl, CuSO4, MnSO4, ZnSO4, and FeSO4 had no effect upon the fermentation in terms of glycol produced or sugar utilized. An earlier report (Hendrickson and Kesterson, 1964) indicated the presence of a number of minerals in citrus molasses which were apparently sufficient for the fermentation.
Recovery of glycol. Attempts to recover glycol from the fermentation beer as the formal were unsuccessful. Although conversion of the glycol to the formal was readily effected, hydrolysis failed to yield significant quantities of the free glycol. Similarly, production of the acetal and benzal of 2,3-butylene glycol and recovery by hydrolysis were found to be impractical.
Distillation of the beer under reduced pressure was the most successful means of recovery, although this method was subject to some disadvantages. It was found desirable to reduce the volume of the beer by about 75% prior to distillation. Distillation of this concentrate at 25 mm of pressure produced a thick tarry liquid in the still which, with continued distillation, usually resulted in formation of a hard cake before the glycol had been completely removed. Addition of glycerol as a supporting solvent to prevent this cake formation was partially successful, although the material in the still became very thick and tarry. It should be noted that removal of this tar from the apparatus after distillation was completed was one of the major problems in this method of recovery.
Countercurrent liquid-liquid extraction as a method of recovery of butylene glycol seemed to have the greatest potential of those attempted. Two solvents, chloroform and ethyl acetate, on the basis of their immiscibility with water and affinity for butylene glycol, were selected for these extractions. The required pretreatment of the beer and the percentage glycol extracted with these solvents are summarized in Table 3 .
Chloroform was of limited usefulness as an extracting solvent owing to formation of a coagulum in the column. Ethyl acetate was considered to be the solvent of choice for this procedure. Pretreatment of the beer was required for greatest efficiency of extraction, and at least double extraction of the beer was necessary (Table 3) . Physical properties of levo 2,3-butylene glycol. It was found with repeated distillation that the boiling point of the major fraction obtained from the fermentation beer gradually increased until the range of 180 to 182 C was obtained. Upon further distillation after reaching this range, only very slight changes in the boiling point of the major fraction were noted, although the refractive index and optical rotation progressively increased (Table 4 ). Since the minimal values obtained here were lower than tho'se reported by Clendenning (1946) in the presence of 40 to 70% water, it must be assumed that contaminating volatile substances other than water were present in the distillate.
